The aim of this study is to determine what kinds of motion mechanisms operate at low luminance levels. We used a motion reversal phenomenon in which the perceived direction of motion is reversed when a blank inter-stimulus interval (ISI) frame is inserted between two image frames of similar mean luminance. At low luminance levels, we found that motion reversal was perceived when the moving pattern was presented in the retinal periphery, but no motion reversal was observed when the stimulus was presented in the central retina. When a large stimulus that covers both central and peripheral visual fields was presented, motion reversal did not occur. We conclude that as retinal illuminance decreases, the relative contribution of a feature-tracking mechanism in the central retina becomes larger, while motion perception in the peripheral retina continues to depend on a biphasic, first-order motion mechanism. When both central and peripheral visual fields are stimulated simultaneously, the motion mechanism that dominates in the central retina determines the perceived direction of motion at low luminance levels.
Introduction
The visual system contains specialized mechanisms to analyze the velocity of moving objects (Anstis, 1980; Braddick, 1980; Nakayama, 1986) . It has been shown that there are several different types of motion sensors (e.g., Cavanagh & Mather, 1989; Lu & Sperling, 1995) . A first-order motion mechanism, presumably operating at a low anatomical level, acts essentially as a spatiotemporal orientation detector that extracts velocity information from the luminance flow (e.g., Adelson & Bergen, 1985; Burr, Ross, & Morrone, 1986; van Santen & Sperling, 1984 Watson & Ahumada, 1985) . Higher-order motion detectors, such as second-order and feature-tracking mechanisms, have also been postulated. Second-order motion could be extracted by the non-linear transformation of spatiotemporal information (e.g., Chubb & Sperling, 1988; Smith, 1994) . A feature-tracking mechanism is believed to detect changes in the position of identifiable pattern features over time (e.g., Bowns, 2002; Dawson, 1991; Del Viva & Morrone, 1998; Derrington, Allen, & Delicato, 2004; Lu & Sperling, 1995; Seiffert & Cavanagh, 1998; Ullman, 1979) .
In a natural environment, the ambient light level may change by a factor of 10 12 between day and night (Hood & Finkelstein, 1986; Stockman & Sharpe, 2006) . Even under daylight conditions, the average luminance level fluctuates between photopic and mesopic levels. The ability to adapt properly to ambient light levels is a crucial function of our visual system. An understanding of the characteristics of visual motion computation and perception under low luminance levels is very important on both scientific and practical grounds (Hess, Sharpe, & Nordby, 1990) . Human visual motion perception changes as the adapting light level decreases. Velocity perception (Gegenfurtner, Mayser, & Sharpe, 2000; Hammett, Champion, Thompson, & Morland, 2007; Vaziri-Paskham & Cavanagh, 2008) , velocity discrimination thresholds (Takeuchi & De Valois, 2000) , short-range motion perception (Dawson & Di Lollo, 1990) , complex-motion perception (Billino, Bremmer, & Gegenfurtner, 2008) , biological motion perception (Billino et al., 2008; Grossman & Blake, 1999) , perception of static motion illusions (Hisakata & Murakami, 2008) , perception of twostroke motion (Mather & Challinor, 2008) , the coherent motion threshold (Billino et al., 2008; Lankheet, van Doorn, & van de Grind, 2002; van de Grind, Koenderink, & van Doorn, 2000) , and moving texture segregation (Takeuchi, Yokosawa, & De Valois, 2004 ) have all been shown to vary with the adapting light level.
One of the remaining questions examined in this study is how different visual motion systems work under different ambient light levels. We are especially interested in how a first-order motion mechanism and a feature-tracking mechanism contribute to the perception of motion at low luminance levels. question, we used the phenomenon called motion reversal induced by inter-stimulus interval (ISI), reported by Braddick (1980) . When a single pattern is presented first at one position and then at another, an observer may experience a strong sensation of motion if the temporal and spatial separations lie within appropriate ranges. However, if the two presentations are separated by a brief ISI, and if the interval is filled with a blank screen equated in spaceaveraged luminance to the pattern display, the apparent direction of motion will be reversed (Boulton & Baker, 1993; Braddick, 1980) . This counterintuitive phenomenon has been explained by an underlying motion mechanism in which a biphasic (band-pass) temporal impulse response function feeds into the responsible motion detector (Pantle & Turano, 1992; Scott-Samuel & Gergeson, 1999; Sheliga, Chen, FitzGibbon, & Miles, 2006; Shioiri & Cavanagh, 1990; Strout, Pantle, & Mills, 1994; Takeuchi & De Valois, 1997) . According to this explanation, a phase-inverted neural response of the first frame is produced by the negative part of the biphasic function at a temporal position corresponding to the ISI. This phase-inverted response is matched to the following frame by the motion system to induce a reversed motion signal.
In a previous study (Takeuchi & De Valois, 1997) , we estimated the perceived direction at different ISIs using the first-order motion energy model formulated by Adelson and Bergen (1985) . Fig. 1 is a schematic description of the results of our simulation. The input stimulus to the model was a two-frame sine-wave grating with ISI as shown in the figure inset. The grating was shifted rightward by a displacement of p/2 (90 deg). When the ISI is zero, the motion energy model with a biphasic temporal impulse response predicts veridical motion perception (rightward direction). However, at intermediate ISIs, the model predicts that a reversed motion, corresponding to displacement in the direction of 3p/2 (270 deg), will be perceived. As the ISI becomes longer, no unidirectional motion perception is predicted.
In our previous psychophysical experiment (Takeuchi & De Valois, 1997) , we found that motion reversal disappeared when the moving grating was presented under scotopic adapting levels (1.1 log td). The 4 Â 6 deg pattern was presented in the central retina. The perceived direction was always veridical -i.e., corresponded to the p/2 direction -irrespective of the duration of the ISI, which ranged from 0 to 500 msec. We concluded that both a first-order motion mechanism with a monophasic (not biphasic) temporal impulse response function and a feature-tracking mechanism are working under scotopic vision, probably in different ISI ranges. The veridical perception at short ISIs was assumed to occur because no negative response during the blank frame was produced under low luminance levels. Veridical perception at ISIs as long as 500 msec could be produced by a feature-tracking mechanism that tracks prominent features, such as a peak or a trough of the sinusoidal grating (Scott-Samuel & Gergeson, 1999) .
However, there could be a different explanation of the disappearance of the motion reversal that we did not examine. A feature-tracking mechanism could signal the veridical direction with or without an ISI (e.g., Ullman, 1979) . Therefore, a first-order motion mechanism with monophasic temporal impulse response and a feature-tracking mechanism both predict veridical motion perception at short ISIs under low luminance levels. One purpose of this study is to examine the possibility that motion perception at short ISIs is determined by the output from a feature-tracking mechanism under low adapting levels. Our first question is: how is the perceived direction influenced when the moving pattern with ISI is presented in the periphery? It has been widely reported that compared to second-order or feature-tracking mechanisms, a first-order motion mechanism is more sensitive in the periphery than in the central retinal under photopic conditions (Ashida, Seiffert, & Osaka, 2001; Chubb & Sperling, 1989; Edwards & Nishida, 2004; Lu & Sperling, 1999; Maruya, Mugishima, & Sato, 2003; Pantle, 1992; Smith, Hess, & Baker, 1994; Solomon & Sperling, 1994; Wang, Hess, & Baker, 1997; Zanker, 1997) . Thus, we expected that we could separate the influence of first-order and higher-order motion mechanisms on motion reversal by presenting the stimulus in the periphery under low adapting levels.
Experiment 1

Apparatus
Stimuli were generated on a PC with a VSG 2/5 (Cambridge Research Systems) graphics system and displayed on a 21-in. RGB monitor (SONY GDM F520). The monitor frame rate was 85 Hz, with spatial resolution of 1024 Â 768 pixels and 15 bit gray-level resolution. The monitor output was linearized (gamma corrected) under software control. For all experiments using luminance-varying stimuli, the space-averaged chromaticity (CIE 1931) of the display was x = 0.31, y = 0.33. Subjects observed the display through a 2-mm artificial pupil, with head position maintained by a chin rest and bite bar. Patterns were viewed monocularly with the right eye at a viewing distance of 30 cm. The mean retinal illuminance was varied by placing neutral density filters just distal to the artificial pupil. Three average adapting levels (retinal illuminances), 48.0 cd/m 2 (2.2 log troland (td)), 0.14 cd/m 2 (À0.3 log td), and 0.02 cd/m 2 (À1.2 log td), were examined. These values are close to those used in Takeuchi and De Valois (1997) . We assume that this range covers photopic to high scotopic levels (Hood & Finkelstein, 1986 ). The room was darkened and light shielded, with no other source of illumination present. Subjects initially darkadapted for 25 min prior to the task.
Subjects
Three subjects (EF, MT, and TT) participated in Experiment 1. One of them was the author (TT), and the other two subjects were Adelson and Bergen (1985) . Plus values indicate motion energy to the p/2 (veridical) direction, while negative values indicate that to the 3p/2 shift (motion-reversal). The inset is a schematic space-time description of the input stimulus to the motion detector. In this picture, the first frame is shifted rightward by p/2 step. At zero ISI, the predicted perceived direction is the p/2 (thus veridical) direction. At intermediate ISIs, the ISI-reversal (3p/2 direction) is expected because of the biphasic temporal characteristic of the underlying motion detector. At longer ISIs, direction judgment becomes ambiguous and the motion energy therefore becomes zero. Details of the modeling are described in Takeuchi and De Valois (1997) . paid volunteers. All had normal or corrected-to-normal vision. All subjects gave informed consent before their inclusion in the study.
Stimuli
A vertical sine-wave grating was displayed in a 6.0 (H) Â 4.0 (V) deg rectangular window. In one experimental session the size of the stimulus was the same regardless of the retinal location of the pattern. In another session, the stimulus was spatially magnified using the cortical magnification factor proposed by Rovamo, Virsu, and Nasanen (1978) . The edges of the stimulus were tapered by a Gaussian function with sigma = 0.5 deg. To give an impression of visual motion, eight frames were sequentially presented (15 frames in total with ISI). The step size between successive patterned frames was p/2 (90 deg) to left or right. The first and last frames were ramped on and off by a temporal Gaussian function. The duration of a single frame was 117 msec. ISI was varied from a nominal 0 to 564 msec. A blank field with the same space-averaged luminance as the grating was presented during the ISI. The reason we used an eight-frame stimulus and not a two-frame one is that judgments by the naïve subjects were found to be more reliable when the moving pattern had more frames. In our preliminary observation, when no ISI was inserted into the eight-frame stimulus, our naïve subjects reported the p/2 (veridical) direction on 100% of the trials regardless of the retinal illuminance or retinal eccentricity examined. However, when the two-frame stimulus without an ISI was observed, they reported the reversed direction in as many as 5% of the trials, especially when the retinal illuminance was low and the pattern was presented in the periphery.
The spatial frequency of the grating was 0.4 cycles/deg. The sensitivity of a feature-tracking mechanism may be degraded when the spatial frequency is higher (Takeuchi & De Valois, 1997) . The Michaelson contrast was set to 12Â the direction discrimination threshold measured in advance. The details of the threshold measurements are described below. The pattern was presented either at the center or in the periphery. The peripheral pattern was presented in the lower temporal retina. The distance between the fixation point and the nearest corner of the grating was 18 deg. In preliminary observations, we collected data both from the upper and lower peripheral retinae. When we equated the effective luminance contrast by the method described below, we did not find any systematic difference between data from lower and upper retinae. Therefore, we used only one peripheral region in the main experiment. A white central fixation cross (1 deg Â 1 deg) was displayed to assist subjects in maintaining fixation when the grating was presented in the periphery. When the grating was presented at the center, the fixation cross was displayed before the grating presentation and removed while the moving grating was presented.
Methods
Contrast sensitivity measurements
To equate in terms of multiples of threshold contrast for the different adapting levels and retinal eccentricities, we measured contrast sensitivity for direction discrimination of the eight-frame moving sine-wave gratings without an ISI. We used a two-alternative, temporal forced-choice procedure. In one of two intervals, the motion was leftward; in the other interval, it was rightward. We refer to the correct direction of motion as being the direction of the shortest path, that is, the direction in which the displacement was equivalent to p/2. The subject, by pressing one of two buttons, indicated which interval contained the leftward motion. The two intervals were separated by a 1-sec blank field of the same space-averaged luminance, and the onset of each interval was marked by an auditory cue. No feedback was given. The contrast of the pattern was varied using a staircase algorithm designed to converge to a 79% correct level (Levitt, 1971) . Contrast was decreased after three consecutive correct responses and increased after one wrong response. The size of the contrast increments or decrements decreased as the staircase depth increased; it was 0.4 log unit in the beginning and fell to a terminal value of 0.1 log unit. The threshold for a given staircase run was computed as the mean of the contrasts of the final six out of nine turning points. Data from four staircases were averaged to determine each threshold. Similar measurements were done for each subject at each retinal illuminance and retinal eccentricity.
Direction discrimination measurements with ISI
Three-hundred milliseconds after the beep signaling the start of each trial, the eight-frame sine-wave stimulus described above was displayed. The subject's task was to indicate the direction of motion (leftward or rightward) by pressing the appropriate button. The button press initiated the next trial. Each session comprised 120 trials, five trials for each of 12 ISI values (from 0 to 564 msec) and for two directions (rightward or leftward), presented in random order. In each session, the retinal illuminance and the retinal eccentricities were fixed. Three adaptation levels (2.2, À0.3, and À1.2 log td) and two retinal eccentricities (0 or 18 deg) were examined. We started the experiment always from the darkest adapting levels. Each subject completed five sessions for each of retinal illuminances and eccentricities. Fig. 2 shows the results of Experiment 1 for each subject. The two curves in each graph show the data taken at two retinal eccentricities (0 and 18 deg). The subject's initials (EF, MT or TT) and the retinal illuminance (2.2, À0.3 or À1.2 log td) are specified in each graph. Correct responses are defined as those corresponding to the p/2 displacement (veridical direction). Thus, when fewer than 50% of the responses are correct, the subject reported motion in the reversed direction (3p/2 direction) on a majority of trials. Fig. 3 presents the averaged data for the three subjects. Fig. 3A and B show the data taken at 0 and 18 deg retinal eccentricity, respectively. Since data from the three subjects were very similar (see Fig. 2 ), below we discuss the averaged data shown in Fig. 3 .
Results and Discussion
Motion reversal under photopic vision
First, note the results when the retinal illuminance was 2.2 log td ( Fig. 2A, D , G, and Fig. 3 ). The data taken with central viewing (0 deg) under photopic conditions (2.2 log td, shown in Fig. 3A) replicate the results of Takeuchi and De Valois (1997) . Motion reversal was prominent at an ISI of about 30 msec, and subjects perceived the reversed motion on about 60% of the trials. However, when the ISI was longer than 100 msec, the probability of a correct response gradually increased to approach 100% at an ISI of about 150 msec, falling back towards chance performance at ISIs of about 500 msec (though it did not reach chance in the range examined.) If we compare Fig. 1 and this result, it is clear that the first-order motion models do not predict this recovery to correct response at longer ISIs. As we noted previously (Takeuchi & De Valois, 1997) , a feature-tracking system that tracks prominent features of the grating could be responsible for this veridical motion perception. Some previous studies have suggested that the operation of a feature-tracking system is prominent when the ISI is long (Georgeson & Harris, 1990; Hammett, Ledgeway, & Smith, 1993) .
However, when the pattern was presented in the periphery (Fig. 3B) , the results were quite similar to the prediction shown in Fig. 1 . Motion reversal was perceived at short ISIs, but at the longer ISIs, motion perception became ambiguous and veridical direction judgment was no longer possible. Under photopic conditions, the peak of the motion reversal appeared when the ISI was around 30-50 msec, and consistent motion judgments were almost impossible when the ISI was longer than 100 msec. This result suggests that a first-order motion mechanism with a biphasic temporal impulse response function determines the perceived direction in the peripheral retina at photopic adaptation levels.
The percentage of reports of reversed motion reached 100% in the periphery for all subjects, while it only reached about 60% in Fig. 2 . The results of Experiment 1 for the three subjects (EF, MT and TT) under three retinal illuminances (2.2, À0.3, and À1.2 log td). Fig 3A- C is for subject EF, Fig 3D-F for subject MT, and Fig. 3G-I for the subject TT. In each graph, percent response to p/2 direction as a function of ISI in milliseconds is plotted. Error bars denote ±1 SE. When fewer than 50% of the responses were scored as the p/2 direction, subjects reported motion in the 3p/2 direction in a majority of trials (motion-reversal). Each curve shows data taken at a different retinal eccentricity (0 or 18 deg). the central retina (Fig. 3A) . If we assume that the relative contributions of a first-order motion mechanism and a feature-tracking mechanism differ depending on the retinal eccentricity, this difference in the frequency of reports of motion reversal can be explained. Many studies have suggested that the contribution of a first-order motion mechanism is stronger in the periphery. If so, not only the veridical directional perception observed at longer ISIs but also the decrease in the frequency of motion reversal at short ISIs with central viewing could be due to the stronger influence from a feature-tracking mechanism.
Motion reversal under mesopic and scotopic conditions
We first discuss the results when the moving grating was presented in the periphery. If the temporal impulse response function of a first-order motion mechanism becomes completely monophasic under scotopic vision, we would expect no motion reversal to be observed, as discussed in Takeuchi and De Valois (1997) . However, as shown in Fig. 2C, F, I and Fig. 3B , we found that motion reversal was prominent at a scotopic light level. Motion reversal was reported on the majority of trials when the ISI was about 100 msec. As the ISI increased to about 300 msec, the perceived direction became ambiguous. The shape of the function is quite similar to the prediction from a first-order motion model, as shown in Fig. 1 . These results suggest that a first-order mechanism with a biphasic (band-pass) temporal impulse response function is working at an average retinal illuminance as low as À1.2 log td. Comparing the results of the simulation (Fig. 1) with the data (Fig. 3B) , we believe that this is the most parsimonious conclusion.
Though we suggest that the temporal response function that feeds into a first-order motion mechanism could still have a biphasic (band-pass) structure under low luminance levels, we do not wish to imply that the overall shape of the temporal impulse response is invariant under different retinal illuminances. Fig. 3B shows the data obtained when the moving grating was presented in the periphery under different retinal illuminances. The ISI value that elicited the strongest motion reversal shifted from about 30 to 100 msec as the average retinal illuminance decreased from photopic to scotopic levels. It is well known that the temporal response of the visual system becomes slower as the retinal illuminance decreases (Hess, Waugh, & Nordby, 1996; Kelly, 1971; Snowden, Hess, & Waugh, 1995; Swanson, Ueno, Smith, & Pokorny, 1987) . Swanson et al. (1987) , using psychophysical measures, estimated the shape of the temporal impulse response function and showed that the peak of the function becomes increasingly delayed as the average luminance falls. Using a masking paradigm, Snowden et al. (1995) found that evidence at least two temporal filters are functioning in scotopic vision. One of the filters retained a bandpass shape at scotopic light levels (0.18 log td), but the peak of the band-pass temporal filter shifted to lower temporal frequencies (Fig. 10b of their study) . Such a peak-shifted, biphasic temporal mechanism could be responsible for the delay of motion reversal shown in Fig. 3B . Sheliga et al. (2006) measured the ocular following response (OFR) while subjects observed a two-frame grating pattern with ISI. The OFR is a machine-like, ultra-rapid, short-latency tracking eye movement that is known to be mediated by a low-level mechanism with input from motion detectors sensitive to firstorder motion energy (Sheliga, Chen, FitzGibbon, & Miles, 2005) . They found that under photopic conditions, the direction of the OFR reverses at ISIs of 20-40 msec. They also found a reversal of the OFR at scotopic light levels. In this condition, the strongest OFR reversal was observed at an ISI of around 100 msec. As mentioned above, we found that the perceptual motion reversal was most prominent at ISIs of about 30 msec under photopic conditions and at about 100 msec of ISI under scotopic conditions. Though we recognize that the relationship between the OFR and perceived direction is likely not straightforward, and despite the differences between the stimulus size and viewing conditions in the two studies, there is a close relationship between their results and ours. We conclude that a first-order motion mechanism with a peak-shifted, biphasic-temporal impulse response was the dominant mechanism eliciting the motion reversal at low luminance levels when the pattern was presented in the periphery.
Next we consider the results obtained when the pattern was presented in the central retina. In our previous study (Takeuchi & De Valois, 1997) , we found that the motion reversal disappeared at scotopic levels when the stimulus was presented in the central retina. Instead, veridical motion (p/2 direction) judgments occurred at ISIs as long as 500 msec. In the current experiment, in addition to replicating these previous observations (Fig. 3A) for central viewing, we found that motion reversal occurred in the retinal periphery as discussed above (Fig. 3B) . A parsimonious Fig. 3 . Averaged data for the three subjects of Experiment 1. A and B shows the data taken at the retinal eccentricity of 0 and 18 deg, respectively. Each curve represents the data at different retinal illuminance (2.2, À0.3, and À1.2 log td). Percent response to the p/2 direction as a function of ISI in milliseconds is plotted. Note the similarity between the data taken at 18 deg eccentricity (Fig. 3B ) and the prediction from the motion energy model shown in Fig. 1. conclusion is that the veridical perception in the central retina at low luminance levels is due to the operation of a feature-tracking mechanism that is not disrupted by the ISI. The difference between the photopic and low-luminance conditions suggests that the influence of a feature-tracking mechanism is much stronger under the latter condition in the central retina. Previous studies have shown that the relative contribution of a first-order motion mechanism is larger in the periphery under photopic conditions (e.g., Edwards & Nishida, 2004) . We argue that the relative contribution of a feature-tracking mechanism becomes larger in central vision as the retinal illuminance decreases.
Is motion perception under scotopic, central viewing conditions governed by solely a feature-tracking mechanism? Our data do not support this. As specified by the arrows in Fig. 3A , the reversed direction of motion in central viewing was reported on occasion, though the frequency of such reports was low. The ISI values indicated by the arrows are the same ones that elicited the strongest motion reversal when the pattern was presented in the periphery (Fig. 3B) . This suggests the operation of a first-order motion mechanism with a biphasic temporal impulse response even in the central retina, though its contribution appears to be small. We suggest that the relative contribution of each motion mechanism varies with retinal illuminance. We will discuss this further below.
In an additional experiment, we enlarged the size of the stimulus presented in the periphery, based on the cortical magnification factor proposed by Rovamo et al. (1978) . The distance between the center and the nearest edge of the moving stimulus was 18 deg, the same as that in Experiment 1. Direction discrimination judgment at three ISIs (0, 94, 282 msec) under low retinal illuminance (À1.2 log td) was examined. Fig. 4 shows the results of the averaged responses for the three subjects. Results were quite similar to these shown in Fig. 3B . Thus, we conclude that the difference between the results obtained at the different retinal eccentricities (0 and 18 deg) was not caused by a size mismatch in the cortical representation.
Experiment 2
Purpose
In Experiment 1, we found that the perceived direction of motion is greatly influenced by retinal eccentricity and retinal illuminance. At low light levels, the perceived direction was different between the center and periphery, as shown in Fig. 3 . At an ISI of 94 msec, when the pattern was presented at the center subjects judged the perceived direction to be the veridical direction on 91% of the trials; when the pattern was presented in the periphery, they judged it to be in the veridical direction on 17% of the trials (thus, the reversed direction of motion was perceived). What happens if the large moving stimulus covers both central and peripheral visual fields simultaneously? Do we perceive two different motions, or do we perceive a single motion? If we perceive a single motion, is it in the veridical direction or the reversed direction? The purpose of Experiment 2 was to answer these questions.
Methods
Stimuli
As in Experiment 1, the eight-frame sine-wave grating with ISI was presented. The jump size was p/2. The size of the stimulus patch was 32 Â 24 deg. Two different types of stimulus were used. One was a homogenous grating, and the other was a grating having a hole in the center (thus, a grating within an annulus) to examine the influence of the stimulus at the central retina. The inset of Fig. 5 illustrates the grating stimulus in an annulus. Retinal illuminance was À1.2 log td, which we assume to be within the scotopic range. The ISI varied from a nominal 0 msec to 564 msec. The luminance of the central unpatterned region was equal to the space-averaged luminance of the grating. The edge between the grating and the Fig. 4 . Averaged data for the three subjects in the additional experiment, in which the size of the pattern presented at the periphery was enlarged. Retinal illuminance was À1.2 log td. Percent response to the p/2 direction as a function of ISI in milliseconds is plotted. Error bars denote ±1 SE. When fewer than 50% of the responses were scored as the p/2 direction, subjects reported motion in the 3p/2 direction in a majority of trials (motion-reversal). The gray curve is the re-plot of Fig. 3B . hole was tapered by a cosine function. The diameter of the hole was either 4 deg or 8 deg. The Michelson contrast of the sinusoidal grating was 12 times the direction discrimination threshold measured in the periphery (18 deg).
Procedure
Three-hundred milliseconds after the beep signaling the start of each trial, the eight-frame, sine-wave stimulus described above was displayed. Unlike in Experiment 1, subjects had three choices. They were asked to judge whether the perceived direction was leftward, or rightward, or both leftward and rightward simultaneously. Subjects never selected the third choice, suggesting that unidirectional motion was always perceived when motion was seen. The button press response initiated the next trial. Each session comprised 144 trials presented in random order. Each subject completed two trials per session for each of 12 ISI values (from 0 msec to 564 msec), each of three stimulus types (without a hole in the pattern center, with a hole of 4-deg diameter, or with a hole of 8-deg diameter) and two motion directions (rightward or leftward). Each subject completed eight sessions. Subjects darkadapted 25 min prior to an experimental session. The same three subjects as before participated in this experiment.
Results and Discussion
Fig . 5 shows the averaged data for the three subjects. When the large, moving stimulus covered the center (i.e., no hole), the subjects reported the p/2 direction a substantial majority of the trials in the ISI range examined. Although the reversed direction of motion (3p/2 direction) was occasionally reported at some intermediate ISIs, the frequency was small. The shape of the obtained function, thus, was quite similar to that in the central viewing condition shown in Fig. 3A . This suggests that when the pattern is large enough to cover both the center and the periphery, the perceived direction is determined by the response of the motion mechanism responsible for central vision. As discussed above, this detector could be a feature-tracking mechanism that signals the veridical direction even when a blank ISI is inserted between successive frames of the moving pattern.
When the hole at the center of the moving stimulus was introduced, however, motion reversal became prominent. The ISI that induced the strongest motion reversal was the same as that shown in the data of Fig. 3 . Changing the size of the central hole (4 deg vs. 8 deg) made no difference. This suggests that the feature-tracking mechanism operates primarily within the central 4 deg under scotopic conditions.
General discussion
Summary of the results
The nature and function of the motion mechanisms operating at low luminance levels are not well understood. To examine this, we used the motion reversal phenomenon to characterize the properties of the underlying mechanism at different retinal illuminances and eccentricities
Our main findings are as follows:
1. Under mesopic and scotopic conditions, motion reversal disappeared in central vision, but motion reversal was still observed in the retinal periphery. 2. When the stimulus covered both central and peripheral visual fields, unidirectional motion in the veridical direction was generally perceived.
From these results we argue that:
1. Motion perception in the periphery depends on a biphasic firstorder motion mechanism under both high and low luminance levels. 2. As the retinal illuminance decreases, the relative contribution of a feature-tracking mechanism in central vision becomes larger. 3. When central and peripheral visual fields are stimulated simultaneously, the motion mechanism functioning in the central retina determines the perceived direction of motion.
Our claim that a first-order motion mechanism with a biphasic temporal impulse response function operates under scotopic conditions is consistent with the results of Snowden et al. (1995) and Sheliga et al. (2006) . The overall temporal contrast sensitivity function becomes low-pass at low luminance levels, as shown in many earlier studies (e.g., Burr & Morrone, 1993; Kelly, 1971; Swanson et al., 1987) . This low-pass characteristic could be explained by assuming that there are several temporal filters working, and the envelope of those temporal filters is low-pass (or monophasic) under low luminance levels. Snowden et al. (1995) estimated the shape of each temporal filter by using a masking paradigm. Their data indicate that the envelope of two estimated temporal filters in scotopic vision has a low-pass shape (Fig. 5) , even though one of the underlying temporal filters is band-pass (biphasic). Thus, our conjecture that the biphasic first-order motion mechanism is functioning under low luminance levels does not contradict past experimental results regarding the overall characteristics of the temporal contrast sensitivity.
Relationship to previous psychophysical studies
Psychophysical studies have shown that motion sensitivity and motion perception vary with retinal illuminance. Gegenfurtner et al. (2000) showed that perceived velocity judgments by deuteranopic subjects decrease about 10-20% under scotopic vision, especially when the temporal frequency of the drifting sine-wave grating is lower than 1 Hz. Hammett et al. (2007) , however, showed that perceived velocity increases when the temporal frequency is greater than 4 Hz. They did not find velocity underestimation at lower temporal frequencies. Since the former study used a rod-isolating stimulus and the latter did not, the conditions were different. It is important to resolve the apparent discrepancy between the two studies. Particularly relevant to our study is the computational modeling by Hammett et al. (2007) . They postulated two temporal mechanisms, one low-pass and one band-pass, under low luminance levels and succeeded in predicting both the overestimation of perceived velocity above 4 Hz and veridical velocity perception at lower temporal frequencies. Their conjecture is consistent with our claim that the band-pass (biphasic) temporal mechanism works irrespective of the retinal illuminance. A quite different explanation of the overestimation of velocity was proposed by Vaziri-Paskham and Cavanagh (2008) , who also found increased perceived speed at low luminance levels. They suggested that the amount of blur (motion smear) is a strong cue for speed judgment-the larger the motion blur under low luminance levels, the higher the perceived speed. These suggestions propose that quite different kinds of visual mechanisms might contribute to motion perception at different luminance levels.
Implication regarding the dominance of a feature-tracking mechanism
It has been suggested that a feature-tracking mechanism is especially prominent when the ISI is longer (Georgeson & Harris, 1990; Scott-Samuel & Gergeson, 1999) . We argue that featuretracking operates even when the ISI is shorter, and that the influence of that mechanism becomes dominant for central viewing under low luminance levels. First, we discuss the merit of a featuretracking motion mechanism at low luminance levels. As shown in Fig. 3 , the ISI that induces the strongest motion reversal increased from 30 to 100 msec as the average luminance decreased. A similar phenomenon was observed by Snowden et al. (1995) using a near-threshold stimulus. They suggested that the increased latency results from low-pass filtering at the retinal receptor level. If latency of peak response at the receptor level directly influences our perception (as in Fig. 3) , then motion perception under low luminance conditions should be greatly influenced, since even under mesopic vision, the output of the temporal mechanism could be delayed more than 30 msec compared to photopic vision. We speculate that a higher-order motion mechanism, such as a feature-tracking mechanism, compensates for the large delay of processing introduced by a lower-order motion mechanism when the ambient light level is low, such as at night. A feature-tracking mechanism could provide a correct velocity signal irrespective of the retinal illuminance, since it would not be affected by the delayed signal in a first-order motion mechanism. There have been several attempts to dissociate different motion systems, such as first-order, second-order, and feature-tracking mechanisms (e.g., Derrington et al., 2004; Lu & Sperling, 1995) . One interesting suggestion is that when the luminance contrast is lower, a featuretracking mechanism becomes dominant (Ukkonen & Derrington, 2000) . They found that direction discrimination for a second-order moving pattern is vulnerable to pedestals when contrast is low. Since we equated the effective luminance contrast at different conditions in this study, we plan to examine the relationship between the entire contrast range and retinal illuminance with respect to motion perception.
Motion perception and retinal eccentricity
As shown in Figs. 3 and 5, we found that at some ISIs the perceived direction of motion in the central retina was opposite that in the peripheral retina. This finding seems to be robust, since changing the size of the stimulus by the cortical magnification factor did not affect the results (Fig. 4) . Previous studies have shown differences between motion perception in the center and in the periphery (Edwards & Nishida, 2004; Solomon & Sperling, 1994; Wu, Kanai, & Shimojo, 2004; , Knight, Shapiro, & Lu, 2008) . Though the cause of the dissociation between the center and surround could be different in these studies, our demonstration suggests that a difference in the relative strength of the contributions of different motion mechanisms, such as a first-order and a featuretracking mechanism, could be one reason. We do not suggest that the motion systems switch under different conditions, but rather that the amount of their respective contributions varies. Our primary claim is that a biphasic, first-order motion mechanism is working independently of retinal illuminance and retinal eccentricity. We assume that the dip found in the data (shown by the arrows in Fig. 3 ) is evidence that a biphasic first-order motion system continues to operate under low luminance levels. van de Grind et al. (2000) measured motion detection thresholds over a broad range of retinal eccentricities (from 0 to 48 deg) and concluded that a similar motion mechanism, probably a Reichart type, firstorder motion system, governs thresholds at all luminances and all retinal locations. This conclusion is consistent with ours.
Neurophysiological studies
Previous studies have attempted to estimate the center-surround organization of the neurons of primates under dark adaptation (e.g., Purpura, Kaplan, & Shapley, 1988; Purpura, Tranchina, Kaplan, & Shapley, 1990; Wiesel & Hubel, 1966) . A recent physiological study most closely related to our study is probably that of Duffy and Hubel (2007) , who recorded from primate V1 cells. They showed that orientation selectivity and directional selectivity do not change between photopic and scotopic conditions, and they argued that neither spatial nor temporal center-surround organization of V1 cells varies as the retinal illuminance decreases. This is consistent with our idea that the biphasic, thus temporally-surround antagonistic, mechanism is functioning both under photopic and scotopic vision to extract motion information.
